Abstract: The classical view of the structure-function paradigm advanced by Anfinsen in the 1960s is that a protein's function is inextricably linked to its three-dimensional structure and is encrypted in its amino acid sequence. However, it is now known that a significant fraction of the proteome consists of intrinsically disordered proteins (IDPs). These proteins populate a polymorphic ensemble of conformations rather than a unique structure but are still capable of performing biological functions. At the boundary, between well-ordered and inherently disordered states are proteins that are on the brink of stability, either weakly stable ordered systems or disordered but on the verge of being stable. In such marginal states, even relatively minor changes can significantly alter the energy landscape, leading to large-scale conformational remodeling. Some proteins on the edge of stability are metamorphic, with the capacity to switch from one fold topology to another in response to an environmental trigger (e.g., pH, temperature/salt, redox). Many IDPs, on the other hand, are marginally unstable such that small perturbations (e.g., phosphorylation, ligands) tip the balance over to a range of ordered, partially ordered, or even more disordered states. In general, the structural transitions described by metamorphic fold switches and polymorphic IDPs possess a number of common features including low or diminished stability, large-scale conformational changes, critical disordered regions, latent or attenuated binding sites, and expansion of function. We suggest that these transitions are, therefore, conceptually and mechanistically analogous, representing adjacent regions in the continuum of order/ disorder transitions.
Introduction
It is widely held that cells with identical genomes display identical phenotypes and respond similar to a given stimulation or environmental perturbation. Implicit in this genome centric view, every protein has a well-defined three-dimensional structure that is determined by its amino acid sequence encoded in the genome. 1 Consequently, a one-to-one correlation between the genotype and phenotype is often assumed and there is good evidence to support this thinking. For example, a single point mutation can result in the loss 2 or gain 3, 4 of function in a given protein. Further research on temperature-sensitive mutants 5 and allostery 6, 7 in proteins extended this horizon and revealed that changes in conformation could enable proteins to assume different functions or switch between inactive and active states with high specificity and affinity. The bacterial tryptophan repressor is a good example of how protein conformational dynamics turns a gene on or off. 8 However, it should be noted that even in this expanded view it was believed that proteins are highly ordered with characteristic folds. Contrary to this deterministic interpretation, it is now well established that proteins need not always be folded to remain functional. 9 A large fraction of the proteome across all three kingdoms is composed of intrinsically disordered proteins (IDPs) that, by definition, are ensembles of polymorphic conformers lacking rigid three-dimensional structure. [10] [11] [12] [13] IDPs and segments within ordered proteins constituting intrinsically disordered regions (IDRs) are characterized by a combination of low mean hydrophobicity and relatively high net charge, important prerequisites for the absence of three-dimensional structure in proteins under physiological conditions. 14, 15 Therefore, IDPs are marked by a preponderance of polar and charged residues and a paucity of non-polar residues that include the bulky hydrophobic and aromatic amino acids. However, they are quite rich in the structurebreaking amino acids proline and glycine. 16 IDPs are also more prone to post-translational modifications (PTMs) such as phosphorylation, and are alternatively spliced more often than ordered proteins. 17 At the boundary between well-folded and random coil polypeptide chains are proteins that are on the brink of thermodynamic stability (Fig. 1) . These proteins have shallow energy wells, or no apparent wells at all, that can confer properties generally not seen in more stable folds. Some marginally stable proteins (ΔG unfolding > 0) are metamorphic, 18 undergoing largescale conformational transitions from one fold topology to another in response to relatively small perturbations. 19, 20 In many cases, disordered regions play a role in these metamorphic changes (Fig. 2) . On the other side of the stability boundary (ΔG unfolding < 0), certain IDPs appear to be on the verge of being weakly stable folded proteins despite their inherent flexibility.
In such cases, binding to a ligand 21, 22 points on the continuum of order/disorder transitions. Here, we compare and discuss the range of transitions in metamorphic and polymorphic systems further, highlighting features common to both with recent examples.
Large-scale transitions between folded states
The Anfinsen hypothesis states that the amino acid sequence is sufficient to determine the native fold of a protein and that the three-dimensional structure is the thermodynamically most stable conformation.
1,24
The latter point implies a unique structure although Anfinsen did not explicitly state this. However, it has been known for some time now that certain polypeptide chains, for example, prions, [25] [26] [27] can adopt more than one fold topology. Further examples of naturally occurring fold switches have since accumulated (Table I) . 28 Concurrent with studies of natural proteins, efforts to design protein fold switches have provided considerable insight into their potential role in fold evolution, suggesting that this phenomenon may be more general and an inherent property of polypeptide chains. Early experiments showed that an 11-residue region of a longer polypeptide chain could adopt either alpha-helical or beta-hairpin conformations, depending on where it was placed in the amino acid sequence. 50 Similarly, a 9-amino acid region in the Nterminus of the Arc repressor was able to convert between α-helical and β-strand conformations with only a single amino acid modification. 51 These types of studies were extended to the entire length of polypeptide chains in small proteins. The Paracelsus Challenge 52 sought to establish the minimum number of amino acids required to specify one fold over another. This led to a series of investigations demonstrating 
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that it is possible to engineer two proteins to have amino acid sequence similarities/identities of 50-60% while maintaining distinctly folded states. [53] [54] [55] [56] [57] Subsequent experiments with the G A 58 and G B 59 domains of streptococcal protein G indicated that different folds with even higher identities were achievable by design. The G A 3α helical bundle and the G B 4β + α "β-grasp" structure are two of the most common folds known, 60 with the parental G A and G B amino acid sequences having only 16% identity. Designed mutants were co-evolved to very high identities of 88-98%, with the parent topologies remaining intact. [61] [62] [63] A number of mutants at switch points were found to populate both the 3α and 4β + α states. 64 The G A 3α-fold has also been co-evolved to high identity with other common folds such as the α/-β/α-sandwich and an all-β structure. 65 Together, these results suggest that some folds are likely to have been derived from pre-existing topologies rather than evolving independently. This idea is further supported by the detection of transitory sequences in fold migration 51, [66] [67] [68] [69] as well as by other studies. [70] [71] [72] Thus, some structural motifs or even entire domains have the ability to switch from one topologically ordered state to another, exposing a previously hidden binding surface and leading to an expansion of function [ Fig. 3(A) ]. Recurring features found in both natural and designed fold switches are minimally overlapping cores, latent binding epitopes, disordered regions, and weakened thermodynamic stability. 19, 20 Mutual exclusivity in cores allows information for both folded states to co-exist in a single polypeptide chain. This relatively tight constraint can be loosened by the presence of flexibly disordered regions, which tend to play an important role in the fold switch, often transiting to a more ordered state in the alternative fold (Fig. 2) . In particular, the lower stability of switchable systems allows alternative folded states to be more accessible than for stable proteins [ Fig. 1(B) ]. Proteins with switchable folds can, therefore, be considered metastable and do not fit the traditional thermodynamic hypothesis, which holds for well-folded stable structures with relatively deep energy wells.
Disorder-to-order transitions
Similar to the fold switching examples discussed above, many IDPs are known to undergo significant conformational ordering upon binding to a ligand. There are numerous examples of such coupled folding and binding. 21, [73] [74] [75] [76] [77] [78] [79] In some cases, where the disordered protein is on the edge of being a globular fold, the binding affinity is related to its thermodynamic stability, suggesting a conformational selection mechanism analogous to the equilibrium shifts inferred in protein fold switches. This is clearly demonstrated in the complex of subtilisin with its N-terminal prodomain. 73 The prodomain is disordered in the absence of subtilisin, but adopts a folded α/β-plait topology upon binding. When mutations are made to the prodomain that stabilize its bound state conformation, binding affinity to subtilisin increases accordingly and can be linearly related to the extent of prodomain folding. In this particular study, the binding of prodomain to subtilisin was increased by approximately 100-fold through the use of stabilizing mutations, demonstrating that prodomain binding is highly tunable. 80 In many other cases, however, IDP binding is shown to be consistent with an induced fit mechanism where the polypeptide chain folds on the ligand surface. [81] [82] [83] Such a mechanism seems to be more prevalent when the bound state of the IDP does not correspond with a globular structure. 79 In addition to the use of mutations, IDP binding affinities can also be modulated by PTMs. One of the most common PTMs, phosphorylation, can alter charge distribution and provide new sites for hydrogen
be on the verge of being either partially or fully ordered proteins with weak stability. This is illustrated dramatically by a recent example 23 where phosphorylation at two threonine residues in the mostly disordered 4E-BP2 protein leads to folding into a 4-stranded betadomain, even in the absence of a binding partner. The folded state is weakly stable and sequesters a motif that is used to bind the translation initiation factor eIF4E in the less ordered unphosphorylated state. The disorder/order transition, therefore, functions as a switch that controls the binding of 4E-BP2 to eIF4E, thereby regulating translation. This example serves to highlight another feature of IDPs that has similarity to fold switches, their ability to mask or unmask functional sites through large-amplitude conformational transitions [ Fig. 3(B) ]. Further, in analogy with metamorphic proteins, the disorder-to-order or order-todisorder transitions in IDPs can involve either structural motifs or entire domains. IDPs undergo disorder-to-order transitions not only in the presence of folded proteins and PTMs but also by interacting with other disordered regions. An example of this type of transition is the DnaE intein, a naturally occurring split intein that has transsplicing activity both in vivo and in vitro. This split intein has two subunits, I N and I C , that are both intrinsically disordered by themselves but combine with high affinity (K D 33 nM) to form an ordered complex, which is necessary for the initiation of transsplicing. 84, 85 Calorimetric analysis indicated that the unfavorable entropy loss in going from disorder to order is outweighed by a favorable enthalpic change likely due to significant interactions between polar groups in the two subunits. This type of enthalpyentropy compensation is frequently detected in systems where folding is coupled to binding. 22 IDPs often bind their target ligands with high specificity but relatively weak affinities (micromolar or less). These low affinities may be a requirement for correct function, allowing for rapid dissociation and preventing permanent masking of other binding motifs on the polypeptide chain. The dynamic nature and marginal thermodynamic instability of IDPs is therefore advantageous for certain functions (e.g., transcriptional and translational activation, signaling) where further mutations stabilizing more ordered states may actually be deleterious. 78 Another characteristic of IDPs is their ability to interact with multiple binding partners. 86, 87 They are therefore frequently found to be hub points in protein interaction networks. 88 In certain IDPs such as p53, the same amino acid sequence adopts a bound state structure that varies from α-helical to β-strand to coil conformations depending on the cognate ligand. 89 Other disease-relevant IDPs such as Aβ and α-synuclein exhibit similar kinds of polymorphic behavior to p53, undergoing a broad spectrum of disorder-to-order transitions that depend on their environment. Both Aβ and α-synuclein are largely disordered in dilute aqueous solutions, [90] [91] [92] [93] helical in a membrane-like environment, [94] [95] [96] [97] and form a wide range of mostly β-structures depending on the ligand or sample conditions. [98] [99] [100] [101] [102] [103] [104] [105] Thus, the structural polymorphism displayed by IDPs that permits them to recognize multiple binding partners is analogous to what is observed in metamorphic fold switches but on a larger scale. While the alternative topology in a fold switch has different ligand binding properties that typically lead to one additional function for the same polypeptide chain, IDPs can adopt a wider array of possible conformers due to their greater inherent malleability, with a corresponding increase in functionality.
Shape-shifting ensembles
For some IDPs, ligand binding or a modification such as phosphorylation does not lead to ordered or partially ordered states. Rather, the conformational ensemble shifts from one disordered but functional state to another. Underlying these types of cases is the recognition that most IDPs tend not to be true random coils but generally have some weak to moderate conformational preferences. These transient propensities lead to a conformationally biased but still flexible polypeptide, whose ensemble characteristics can change significantly in the presence of a ligand or upon PTMs to the chain. The combination of NMR spectroscopic approaches with other methods such as SAXS, SANS, smFRET, and simulations has provided considerable insight into the mechanism of such transitions between states that are disordered to different extents. [106] [107] [108] [109] One recent example of this is the IDP and cancer/ testis antigen, prostate-associated gene 4 (PAGE4), a stress-response protein that is up-regulated in the fetal and diseased prostate. In prostate cancer cells, PAGE4 is differentially phosphorylated by two kinases, Homeodomain Interacting Protein Kinase 1 (HIPK1) and CDC-Like Kinase 2 (CLK2). [110] [111] [112] Despite both phosphorylated forms being disordered and flexible, biophysical measurements show that HIPK1-PAGE4 has a less disordered conformational ensemble than CLK2-PAGE4, primarily due to the presence of acidic and basic motifs that form transient but stabilizing electrostatic interactions. These long-range effects are disrupted when PAGE4 is hyper-phosphorylated by CLK2 because phosphorylation occurs at multiple sites in or near the basic motifs, effectively neutralizing the transient electrostatic interactions and leading to a more extended ensemble of conformers (Fig. 4) . The large differences in the ensembles are reflected in opposing functions -HIPK1-PAGE4 binds the transcription factor Jun/Fos more tightly and potentiates cJun, whereas CLK2-PAGE4 attenuates c-Jun activity.
Thus, multi-site phosphorylation can promote structure 23 or disrupt it. 111 Similar types of transient long-range interactions have also been observed in other flexible polypeptide chains where they can mask or attenuate the function of a ligand binding site. For example, the high affinity Bin1-SH3 binding site of Myc consists of an approximately 12-residue motif which, when incorporated into an isolated short peptide, binds to Bin1-SH3 with a K D of 4.2 μM. 113 In the context of the 88-amino acid Myc polypeptide, however, Bin1-SH3 displays significantly weaker and multivalent binding to Myc with K D values of 33 μM and 200 μM. 114 The transient interactions between different parts of the Myc chain serve to regulate its affinity to Bin-SH3. Even though these long-range intramolecular contacts may be weak, the high local concentration of the low affinity sites within the flexible polypeptide chain can lead to significant attenuation and make regulation over an order of magnitude quite feasible. Thus binding (or PTM) to one part of a flexible polypeptide chain can lead to long-range changes in the conformational ensemble that alter affinity for other ligands by making latent sites more accessible to interactions [ Fig. 3(C) ]. Such actions at a distance can be considered to be dynamic allosteric effects. 115 Other recent examples of these types of transient long-range interactions are also seen in IDPs such as the human tau protein 116 and the disordered region of the glucocorticoid receptor. 117 Splice variants of these proteins have disordered regions with varying lengths that can alter the extent of transient intramolecular interactions leading to different binding characteristics and functional outputs. Thus, while some IDPs transit to more order upon binding to their targets, others remain significantly disordered over extensive regions of the polypeptide chain. 118 There are numerous examples of such "fuzzy complexes" where the IDPs involved do not acquire a discernable secondary structure upon interaction. These include the T cell receptor ζ chainnef complex, 119 the nematode desiccation-tolerance protein anhydrin in its interaction with DNA, 120 tau binding with microtubules, 116 and cystic fibrosis transmembrane conductance regulator with a range of partners. 121 
Functional consequences
Both metamorphic fold switch proteins and IDPs typically carry out more than one function. Naturally occurring fold switches expand their functional capacity by adopting weakly stable alternative topologies with new binding surfaces. For example, lymphotactin can interact with both a chemokine receptor and glycosaminoglycans depending on its folded state, which in turn can be regulated by salt and temperature conditions. 29 There are numerous other elegant examples of this phenomenon (Table I) 
Conclusions
Functional proteins have a wide range of structures and thermodynamic stabilities, varying from wellordered folds to highly flexible polypeptide chains. At the boundary between these two extremes are proteins that are on the brink of stability. These are either weakly stable ordered systems or disordered but on the verge of being stable. In such marginal states, where there is a more delicate balance between stabilizing and destabilizing forces, minor changes can have a much larger effect than in wellstabilized or completely disordered chains. For folded proteins with reduced thermodynamic stability, a relatively small but growing number have been shown to be metamorphic. Such ordered proteins can expand their functional capacity by adopting an alternative fold topology, either through a short mutational path or through environmental factors (e.g., pH, temperature/salt, redox). Many IDPs, on the other hand, are marginally unstable but still highly flexible with no discernible thermodynamic minima. Small perturbations (e.g., phosphorylation, ligands) in these proteins can shift the equilibrium over to a range of ordered, partially ordered, or even more disordered states. Because of their inherent flexibility, IDPs have the potential to adopt a greater number of folded conformations in response to ligand binding than the more constrained metamorphic proteins. While IDPs and metamorphic proteins have different sequence composition, the order/order transitions seen in metamorphic fold switch proteins and the disorder/order and disorder/disorder transitions observed in polymorphic IDPs have several features in common. First, both fold switches and IDPs have diminished stability. Fold switches tend to be on the margin of thermodynamic stability (0 < ΔG unfolding < 2-3 kcal/mol) whereas IDPs have no detectable energy minima (ΔG unfolding < 0) and are often on the verge of being weakly stable proteins that are either partially or fully folded. Second, while disordered regions in polymorphic IDPs can be remodeled in a wide variety of ways, disordered regions also tend to play an important role in the transition between ordered states in metamorphic fold switching. In both cases, these conversions are sensitive to environmental triggers. Third, both metamorphic transitions and transitions involving IDPs tend to be large-scale conformational changes where residues in a structural motif or in an entire domain undergo significant alterations in their backbone phi/psi angles. Finally, both metamorphic folded proteins and polymorphic IDPs possess latent or attenuated binding sites that become more exposed upon conformational switching and result in the acquisition of additional function. Such masking and unmasking effects are more typically associated with transitions where at least one of the states is ordered. However, it is becoming increasingly clear that even transitions between two disordered ensembles can lead to increased accessibility to a binding site by virtue of the ability to perturb competing transient interactions within the polypeptide chain. Overall, the parallels drawn here suggest that conformational switches in metamorphic and polymorphic proteins are conceptually and mechanistically similar processes, representing adjacent regions in the continuum of order/ disorder transitions.
